Receptors are integral membrane proteins that have been implicated in a number of biological functions, many of which involve the modulation of ion channels. A wide range of synthetic ligands activate -receptors, but endogenous -receptor ligands have proven elusive. One endogenous ligand, dimethyltryptamine (DMT), has been shown to act as a -receptor agonist. Progesterone and other steroids bind -receptors, but the functional consequences of these interactions are unclear. Here we investigated progesterone binding to 1-and 2-receptors and evaluated its effect on -receptor-mediated modulation of voltagegated Na ϩ channels. Progesterone binds both -receptor subtypes in liver membranes with comparable affinities and blocks photolabeling of both subtypes in human embryonic kidney 293 cells that stably express the human cardiac Na ϩ channel Nav1.5. Patch-clamp recording in this cell line tested Na ϩ current modulation by the -receptor ligands ditolylguanidine, PB28, (ϩ)SKF10047, and DMT. Progesterone inhibited the action of these ligands to varying degrees, and some of these actions were reduced by 1-receptor knockdown with small interfering RNA. Progesterone inhibition of channel modulation by drugs was consistent with stronger antagonism of 2-receptors. By contrast, progesterone inhibition of channel modulation by DMT was consistent with stronger antagonism of 1-receptors. Progesterone binding to -receptors blocks -receptor-mediated modulation of a voltage-gated ion channel, and this novel membrane action of progesterone may be relevant to changes in brain and cardiovascular function during endocrine transitions. neurosteroids; heart muscle; heart rhythmicity ⌺-RECEPTORS BIND TO A WIDE variety of drugs and have profound effects on membrane excitability. -Receptors comprise at least two subtypes designated 1 and 2 (21, 44). The 1 -receptor has been better characterized: its gene encodes a 25.3-kDa protein (17, 27, 48) thought to harbor two transmembrane segments with an extracellular loop and cytoplasmic COOH and NH 2 termini (1). The 2 -receptor has a distinct pharmacological signature and a lower molecular mass of ϳ18 -21 kDa (22, 23), but its molecular structure is unknown.
⌺-RECEPTORS BIND TO A WIDE variety of drugs and have profound effects on membrane excitability. -Receptors comprise at least two subtypes designated 1 and 2 (21, 44) . The 1 -receptor has been better characterized: its gene encodes a 25.3-kDa protein (17, 27, 48) thought to harbor two transmembrane segments with an extracellular loop and cytoplasmic COOH and NH 2 termini (1). The 2 -receptor has a distinct pharmacological signature and a lower molecular mass of ϳ18 -21 kDa (22, 23) , but its molecular structure is unknown.
-Receptors modulate the activity of a wide variety of ion channels, including N-, L-, P/Q-and R-type Ca 2ϩ channels in rat sympathetic and parasympathetic neurons (61) , several types of K ϩ channels in hippocampus, intracardiac neurons, neurohypophysis, and tumor cells (28, 36, 57, 58, 60) , and Na ϩ channels in rodent cardiac myocytes (14, 25) . -Receptors have also been shown to modulate Ca 2ϩ influx induced by the acid-sensing ion channel ASIC1a (24) , and ionotropic glutamate receptors in cortex (18) . Ion channel modulation by -receptors does not depend on G proteins or phosphorylation (30, 40, 60) but is likely to result from protein-protein interactions within a complex that contains both the receptor and channel (1, 7) . In addition to its role in ion channel modulation, the 1 -receptor has recently been proposed to serve as a Ca 2ϩ -sensitive, ligand-regulated molecular chaperone in the endoplasmic reticulum (20) . Studies of the cellular functions of 2 -receptors are very limited, primarily focusing on the connections with cancer. Activation of 2 -receptors has been shown to lead to changes in intracellular calcium, changes in cell morphology, and apoptosis (5, 6, (53) (54) (55) .
-Receptors were originally identified in binding studies with opioid receptor ligands (32) , but the subsequent demonstration that they do not bind opioid peptides (49) immediately posed the problem of identifying endogenous -receptor ligands. Recent work with N,N-dimethyltryptamine (DMT) showed that this natural hallucinogen binds -receptors, acts as an agonist in -receptor-mediated Na ϩ channel modulation, and induces hyperactivity in mice in a -receptor-dependent fashion (14) . Thus, a strong case has been made that DMT serves as an endogenous ligand in the activation of -receptors. -Receptors also bind steroids such as progesterone and testosterone and neuroactive steroids such as dehydroepiandrosterone (DHEA) (9, 15, 21, 51, 59 ), as well as cholesterol (41) . Furthermore, the 1 -receptor sequence shows homology with a steroid-metabolizing enzyme, yeast sterol isomerase (17) . However, physiological tests of several steroids failed to demonstrate activity in -receptor-mediated modulation of K ϩ channels in rodent neurohypophysis (57) . Thus, the functional significance of steroid binding to -receptors remains unclear. Many steroid effects on behavior have been linked to the modulation of neuronal excitability through actions at cell surface receptors (31, 42, 46) , and -receptors could contribute to these responses (34, 50) . However, at the cellular level the physiological consequences of steroid--receptor interactions are poorly understood. A number of studies have indicated that steroids can facilitate pre-and postsynaptic function in the brain (2, 10 -12, 33, 43) . Although the mechanisms of these actions remain unclear, the involvement of -receptors has been proposed (4, 37, 62) . In light of its many effects on membrane excitability, we tested the action of progesterone, the steroid with the highest affinity for -receptors, on -receptor-mediated modulation of voltage-gated Na ϩ (Na v ) channels (25) . We confirmed that progesterone binds -receptors (51) and determined nanomolar affinities for both 1 (52)]. Cells were cultured on glass coverslips at 37°C in 5% CO2-air atmosphere, in minimum essential Eagle's medium (Fisher Scientific, Pittsburg, PA) with 10% fetal bovine serum, 1% penicillin-streptomycin, 1% L-glutamine, 1% sodium pyruvate, and 400 g/ml gentamicin to maintain the selection for human Na v1.5 expression.
A 1-receptor small interfering RNA (siRNA) construct was designed using the pRNAT-U6.1/Neo plasmid (GenScript, Piscataway, NJ). An siRNA sequence corresponding to nucleotides 500 -519 of the human 1-receptor open reading frame (PubMed Nucleotide ID: NM005866) was inserted into the GenScript plasmid for transfection into mammalian cells. HEK293 cells stably expressing Nav1.5 were transiently transfected with this construct by electroporation (ECM 830, BTX Harvard Apparatus, Holliston, MA).
Electrophysiology. Na ϩ current was recorded using whole cell patch-clamp techniques, as described previously (25, 52) . Cultured cells were superfused with external recording solutions (compositions stated below) by gravity feed at ϳ1-2 ml/min. All experiments were conducted at room temperature (22-24°C). Individual cells were located with an upright microscope equipped with a Zeiss ϫ40 water immersion objective (Carl Zeiss MicroImaging, Thornwood, NY). Patch pipettes were fabricated from borosilicate or aluminosilicate glass (Garner Glass, Claremont, CA), and pipette shanks were coated with Sylgard to reduce electrode capacitance (16) . Before contact with the cell membrane, resistances ranged from 1 to 3 M⍀. Immediately after breaking in, cell capacitance and series resistance were determined by transient cancellation. Series resistance was compensated 85-95% to reduce the effective series resistance to ϳ1 M⍀. When the product of peak Na ϩ current times the series resistance indicated a series resistance voltage error of Ͼ5 mV, the data from that recording were discarded. Recordings were made using an Axopatch-200B patch-clamp amplifier (Axon Instruments/Molecular Devices, Foster City, CA) interfaced to a PC. Data acquisition, voltage control, and analysis were carried out with pCLAMP7 software (Axon Instruments/Molecular Devices).
The external solution for recordings consisted of (in mM) 140 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 glucose, and 10 HEPES (pH 7.4 adjusted with NaOH). The pipette solution consisted of (in mM) 139 KCl, 1 NaCl, 2 MgCl2, 1 CaCl2, 5 EGTA, 10 glucose, and 10 HEPES (pH 7.2 KOH) (52) . Note that ATP and GTP were not included. Na ϩ current was typically elicited with pulses from Ϫ80 mV to Ϫ10 mV for 25 ms, but for current-voltage plots the test pulses ranged from Ϫ70 to ϩ70 mV in 10-mV increments.
Drug application. Progesterone, (ϩ)SKF10047, 1-cyclohexyl-4-[3-(5-methoxy-1,2,3,4-tetra-hydronaphthalen-1-yl)propyl]piperazine (PB28), haloperidol, and ditolylguanidine (DTG) were obtained from Sigma-Aldrich (St. Louis, MO). DMT was synthesized as previously reported (14) . DTG was first dissolved in DMSO and then diluted in external solution to obtain the desired drug concentration. Final DMSO never exceeded 0.1% (by volume), and control experiments verified that this level of DMSO had no effect on Na ϩ currents. Progesterone was first dissolved in ethanol and diluted in external solution to the desired concentrations. At higher concentrations, ethanol weakly inhibited Na ϩ current. Drugs were applied by changing the perfusing bathing solution. In general, currents were recorded at 15-s intervals for ϳ5 min to obtain a stable baseline, after which the drug was applied. Drug effects typically appeared within 1-2 min of solution change and were recorded until a stable inhibition level was achieved. Reversal of response following drug removal was checked routinely.
-Receptor binding assays. Competitive binding assays were performed in rat liver membranes using (ϩ) [ 3 H]pentazocine and [ 3 H]ditolylguanidine (New England Nuclear/Perkin-Elmer, Waltham, MA) as previously described (39). Membrane preparation and photoaffinity labeling. Photoaffinity labeling was performed in HEK293 cells using the 1/2-receptor
, as previously described (14, 39) .
Data analysis. Current recordings were analyzed with pCLAMP7. Simple statistical analyses were performed on exported data using Microsoft Excel or Origin (Microcal Software, Northampton, MA). Concentration dependence of Na ϩ current inhibition was analyzed using Origin, by fitting to a single-site saturation equation of the form I ϭ Icontrol/(IC50 ϩ [X]), where I is peak current for a voltage step to Ϫ10 mV, [X] is drug concentration, and IC 50 is the concentration producing 50% block. Arithmetic means were computed and are presented with the standard error of the mean. Statistical significance was calculated using one-way analysis of variance (ANOVA) followed by the post hoc Tukey test.
RESULTS
Binding of progesterone to -receptors. Progesterone binds to -receptors (51), but the subtype specificity of this interaction has not been determined. To address this question, we performed a ligand-binding study using radiolabeled ligands that are either 1 (Fig. 1A) . Binding in the presence of haloperidol (5 M) was used to determine nonspecific binding. These experiments showed that progesterone binds to both 1 -and Fig. 2 . Progesterone actions on Na ϩ channel inhibition by -receptor ligands in HEK293 cells. Na ϩ currents evoked by voltage steps from Ϫ80 mV to Ϫ10 mV before and after addition of 10 M DTG, 10 M PB28, and 100 M (ϩ)SKF10047. A and B: current inhibition by -receptor ligands in the absence of progesterone (A) and in the presence of 10 M progesterone (B).
2 -receptors, and yielded similar dissociation constants for progesterone of 239 nM and 441 nM, respectively. These values are similar to those reported previously in guinea pig brain and spleen (51) .
Our electrophysiology experiments were performed in HEK293 cells, in which both 1 -and 2 -receptor ligands have proven efficacious in ion channel modulation (25) . These results indicate that HEK293 cells express -receptors. Here we used photolabeling as a biochemical method to determine that both -receptor subtypes are present in this cell line. A photoprobe based on the fungicide fenpropimorph, [
125 I]IAF, labeled both 1 -and 2 -receptors, revealing the 1 -receptor as a 26-kDa protein and the 2 -receptor as an 18-kDa protein (39) (Fig. 1B) . The photolabeling of both 1 -and 2 -receptors was blocked by DTG (20 M) and progesterone (50 M), while only 1 -receptor photolabeling was blocked by pentazocine (10 M). These results confirm previous physiological experiments (25) that HEK293 cells express both -receptor subtypes, and are consistent with the results in liver membranes (Fig. 1A) showing progesterone binding to both molecules. Na ϩ channel modulation by synthetic ligands. In HEK293 cells expressing the human cardiac voltage-gated Na ϩ channel Na v 1.5, voltage steps from Ϫ80 mV to Ϫ10 mV evoked large Na ϩ currents. Addition of progesterone failed to alter this current, leaving it within 3 Ϯ 2% of controls (data not shown). Thus, progesterone is not a -receptor agonist in the modulation of cardiac Na ϩ channels. This lack of action mirrors results obtained with progesterone on voltage-activated K ϩ channels in rodent neurohypophysis (57) .
As reported previously (25) , the -receptor ligands DTG and (ϩ)SKF10047 activate -receptors to inhibit voltage-activated Na ϩ channels in HEK293 cells. The present study confirmed these results, showing similar Na ϩ current inhibition of 42 Ϯ 3% and 51 Ϯ 9%, respectively ( Fig. 2A; n ϭ 4 -7) . Furthermore, the 2 -receptor selective ligand PB28 (3, 24) inhibited Na ϩ current by 61 Ϯ 4%, (n ϭ 5) ( Fig. 2A) . Inhibition of Na ϩ current by all ligands tested was reversible (25) ; currents recovered to Ͼ75% of control levels within 10 -15 min of a return to drug-free solution (data not shown). Progesterone blocked -receptor activation by these ligands; 10 M progesterone reduced the inhibition of Na ϩ current to 4 Ϯ 1, 20 Ϯ 2, and 39 Ϯ 4%, for DTG, PB28, and (ϩ)SKF10049, respectively ( Fig. 2B; n ϭ 3-5) . Thus, progesterone blocked the activation of -receptors by different agonists to varying degrees. The antagonism by progesterone was statistically significant for the 2 -receptor selective ligand PB28, and the 1 / 2 -receptor ligand DTG (Fig. 4 , P Ͻ 0.005), but not for the 1 -selective ligand (ϩ)SKF10047. These results, therefore, provide a preliminary indication that progesterone acts as an antagonist at 2 -receptors but not at 1 -receptors. The finding that progesterone antagonized a -receptor-mediated response contrasts with findings in rat neurohypophysis, where progesterone failed to antagonize the inhibition of voltage-activated K ϩ current (57). To explore the receptor specificity further, HEK293 cells were transfected with a siRNA construct based on the 1 -receptor gene sequence (sig1RsiRNA, see METHODS). This construct reduces the expression of 1 -receptors to 33 Ϯ 9% of control levels (25) . In transfected HEK293 cells, DTG, PB28, and (ϩ)SKF10047 still inhibited Na ϩ current by 35 Ϯ 6, 58 Ϯ 3, and 28 Ϯ 4%, respectively (Fig. 3A) . In the presence of 10 M progesterone, Na ϩ current inhibition by these ligands was reduced to 13 Ϯ 2, 25 Ϯ 3, and 27 Ϯ 4%, respectively (n ϭ 4 -7) (Fig. 3B) . Antagonism of Na ϩ current inhibition by progesterone was again significant for DTG and PB28 (P Ͻ 0.005), but not for (ϩ)SKF10047. These results are summarized in Fig. 4 .
The reduction of 1 -receptor protein expression by sig1RsiRNA produced a significant reduction of Na ϩ current inhibition by the 1 -receptor ligand (ϩ)SKF10047, but the residual response showed no significant progesterone sensitivity. The residual responses in sig1RsiRNA-transfected cells to ligands that bind to 2 -receptors were still inhibited by progesterone. Thus, these results support the hypothesis that progesterone antagonizes responses to 2 -receptors but not 1 -receptors. However, a more detailed examination of the 1 -receptor ligand (ϩ)SKF10047 presented below revealed a small but significant antagonism by progesterone. Na ϩ channel modulation by DMT. DMT has been recently identified as a candidate endogenous ligand for -receptors (14) . DMT binds with similar affinities to 1 -and 2 -receptors and modulates Na v 1.5 (14), so we tested progesterone as an antagonist of Na ϩ current inhibition by DMT. In HEK293 cells, DMT inhibited Na ϩ current by 38 Ϯ 2% (n ϭ 6), and 10 M progesterone reduced this inhibition to 9 Ϯ 4% (n ϭ 5) (Fig. 5, A and C) . This reduction was statistically significant (P Ͻ 0.005) and indicates that progesterone can antagonize the action of DMT.
In HEK293 cells transfected with sig1RsiRNA, DMT inhibited Na ϩ current by 20 Ϯ 4% (Fig. 5 , B and C, n ϭ 5) without progesterone. In contrast to control (untransfected) HEK293 cells, 10 M progesterone failed to block the Na ϩ current inhibition by DMT in sig1RsiRNA-transfected HEK293 cells; DMT still inhibited Na ϩ current by 20 Ϯ 3% (Fig. 5 , B and C, n ϭ 5). The loss of the progesterone-sensitive component of Na ϩ current inhibition following 1 -receptor knockdown stands in contrast to our results with synthetic ligands described above. Progesterone antagonism of DMT responses appears to depend on 1 -receptors rather than 2 -receptors.
Concentration dependence of progesterone action. We tested a range of progesterone concentrations in the block of channel modulation by DTG, DMT, PB28, and (ϩ)SKF10047 (Fig. 6) . For all four of these -receptor agonists, the plots of peak Na ϩ current versus progesterone concentration were well fitted by a single-site saturation equation (see METHODS), yield- ing IC 50 values of 105, 380, 620, and 0.3 nM, respectively. However, in the DTG plot the point at 1 M may indicate the presence of a second binding site. Although the tests described above of progesterone against (ϩ)SKF10047 appeared to show no effect (Figs. 2 and 3) , these experiments were all done with one concentration of progesterone. The plot of Na ϩ current inhibition by (ϩ)SKF10047 versus progesterone concentration in Fig. 6 appears to show a weak inhibition. With this larger data set, ANOVA indicated that this action is statistically significant (P Ͻ 0.05). The fit to the (ϩ)SKF10047 plot yielded an IC 50 of only 0.3 nM, but the small effect made the determination of this value inaccurate. Saturating concentrations of progesterone reduced the maximal inhibition of Na ϩ current by DTG, DMT, and PB28 by Ͼ75%. By contrast, a saturating concentration of progesterone reduced the maximal inhibition of Na ϩ current by (ϩ)SKF10047 by only ϳ30%. This analysis showed that progesterone weakly inhibited the action of (ϩ)SKF10047. This could indicate either a weak action of progesterone at 1 -receptors or a weak action of (ϩ)SKF10047 at 2 -receptors that is blocked by progesterone.
DISCUSSION
Previous studies have shown that progesterone and other steroids bind to -receptors (9, 15, 21, 41, 51, 59 ). An earlier effort failed to demonstrate a physiological action of steroids in the -receptor-mediated modulation of K ϩ channels (57) , but the present study found that progesterone can antagonize the inhibition of Na ϩ current in HEK293 cells by DTG, PB28, DMT, and (ϩ)SKF10047. The discrepancy may reflect differ- ences in -receptor pharmacology between the rodent neurohypophysis and human HEK293 cells. In comparing results on the modulation of different channels, it is important to bear in mind that -receptors are likely to be part of a complex with the ion channels they modulate (1, 7) . Association with a channel could alter the binding properties of the receptor and lead to different pharmacological properties in different preparations.
This work showed that HEK293 cells express 1 -and 2 -receptors, and that progesterone binds with similar affinity to both (Fig. 1) . We tested four -receptor agonists with a wide range of preferences between the two -receptor subtypes and found that the actions of all were sensitive to progesterone. Results with the synthetic ligands suggested that 2 -receptormediated responses can be blocked by progesterone much more readily than 1 -receptor-mediated responses. However, the action of the 1 -receptor-specific ligand (ϩ)SKF10047 was weakly blocked by progesterone, and the progesterone sensitivity to DTG underwent a modest reduction after 1 -receptor knockdown (Fig. 4) . The results with the endogenous -receptor ligand DMT indicated that 1 -receptors can account for all of the inhibition induced by this compound. Thus, with DMT we have the reverse situation that progesterone can block responses mediated by 1 -receptors more readily than responses mediated by 2 -receptors.
The pharmacological data in control cells and cells treated with sig1RsiRNA indicate that progesterone can antagonize both 1 -and 2 -receptors. The apparent dependence of antagonist action on the choice of agonist is difficult to explain. Evidence suggests that structurally distinct -receptor ligands bind to different domains and that the binding sites may be allosterically coupled (56). 1 -Receptor ligands bind to residues in two steroid binding-like domains (38, 39, 47) , as well as a third region (13) . These three parts of the protein are thought to come together to form a single ligand binding site which includes parts of the protein implicated in steroid binding along with other parts not implicated in steroid binding. Steroids and other ligands compete in their binding to -receptors (15) . Differences in the regions of overlap of the agonist binding sites with progesterone's binding site may explain why progesterone varies in its effectiveness as an antagonist of various agonists. The interpretation in terms of overlapping binding sites was developed using structural insights into the 1 -receptor, but comparable knowledge of the molecular structure of the 2 -receptor is lacking. This gap in our knowledge also prevented us from using siRNA to knock down 2 -receptors. Indeed, one potential complication in the interpretation of our results is that sig1RsiRNA could also alter 2 -receptor levels. However, this is unlikely because although the 2 -receptor gene sequence is unknown, it is so different from the 1 -receptor sequence that searches of gene databases have failed to identify 1 -receptor homologues. Thus, cloning the 2 -receptor is an important task, which, once achieved, will enable investigators to explore these and other important questions about -receptor pharmacology and physiology.
DMT is an endogenous ligand that activates -receptors (14) . It is significant that progesterone blocked Na ϩ channel modulation by DMT. Thus, one endogenous compound activates -receptors and another blocks them. The action of progesterone suggests a bidirectional control over -receptors in their modulation of membrane excitability. The activation of -receptors by DMT can thus be countered by progesterone to make -receptor modulation varied and conditional.
Plasma progesterone concentrations in women range from 30 to 450 nM depending on reproductive state (26) , and the actions reported here were observed with progesterone in this range. -Receptor ligands have profound effects on function in the brain as well as the heart (19, 21, 35) . Progesterone block of -receptors in the brain could play a role in the differences in mood and behavior associated with reproductive state (31, 42, 46) . The modulation of the human cardiac Na ϩ channel Na v 1.5 has implications for cardiovascular function. Sex hormone regulation of cardiac ion channels plays an important role in sex-related differences in susceptibility to arrhythmias (29) . Sex-related differences have been noted in the incidence of drug-induced QT interval prolongation (8, 45) . Although most druginduced dysrhythmias have been linked to blockade of cardiac delayed rectifier K ϩ channels, many of these drugs are also -receptor ligands. This raises the possibility that progesterone blockade of -receptor-mediated ion channel modulation in the heart plays a role in female cardiovascular function, and testing this hypothesis may lead to a better understanding of how reproductive transitions influence heart rhythmicity. Given the wide range of ion channels modulated by -receptors, it will be important to test other channels for -receptor ligand/progesterone interactions.
-Receptors bind other steroids such as testosterone, DHEA, and cholesterol (15, 21, 41, 51, 59) , and the evaluation of additional steroids in -receptor-mediated ion channel modulation represents another important area for future research to identify other endocrine systems that can target -receptors.
